Marked changes in thyroid function occur during puberty as an adaptation to body and sexual development. Characteristics of thyroid growth were investigated in 259 healthy adolescents (110 girls and 149 boys), aged 11-17 yr, in an urban area of Switzerland with sufficient iodine supply. The thyroid volume determined by ultrasonography was correlated with chronological age, body weight, body height, cervical circumference, body mass index, and body surface area (BSA). Iodide concentration was measured in urine.
T HE ONSET OF puberty occurs with the maturation of the hypothalamo-pituitary-gonadal axis, resulting in the development of secondary sexual characteristics, changes in skeletal size, and body composition. Adaptations of the hypothalamo-pituitary-thyroid gland axis in response to the increased energy expenditure have been suggested. A prepubertal surge of TSH between 9.0 and 9.5 yr, followed by a transient increase in circulating thyroid hormones (T 4 and T 3 ), in addition to enhanced peripheral conversion of T 4 to T 3 , may account for this adaptation (1) . With ongoing puberty, however, decreasing or constant TSH levels have been reported, as well as a progressive decrease in circulating thyroid hormones (1) (2) (3) . The increase in thyroid volume that is concurrent with the onset of puberty could be triggered by the reported transient TSH surge, but additional factors may be involved in thyroid stimulation until adulthood. Sustained thyroid growth has been demonstrated by the positive correlation between thyroid size and various determinants such as chronological age, pubertal stage, body weight, body height, and body surface area (BSA; Refs. 4 -8) . Although some authors did not find any difference in thyroid volume between genders (4, 5), a larger thyroid gland in girls has been reported by others (6 -8) . Sex-related variations are consistent with the observation that thyroid disorders are more frequent in females than in males and particularly occur during puberty and pregnancy, with changes in levels of sex steroids.
The aim of the present study was to determine the genderspecific characteristics of thyroid growth in healthy adolescents living in an area with sufficient iodine supply (9, 10) . The thyroid volume measured by ultrasonography was correlated with chronological age and anthropometric parameters.
Subjects and Methods Subjects
Three hundred forty-eight representative adolescents (160 girls and 188 boys), aged 11-17 yr (median, 13.8), were examined in this crosssectional study performed between April and June 1995 in the urban area of Lausanne, Switzerland. All subjects were attending a public secondary school. The present analysis was restricted to the 279 adolescents (126 girls and 153 boys) having exclusively lived in Switzerland, where the iodine supply has been sufficient since 1980 (9, 10) . None of the subjects had any evidence of acute or chronic disease, and no previous thyroid disorder was reported. Five girls taking oral contraceptives were excluded. None of the subjects took other medications affecting thyroid function. Twenty adolescents (9 girls and 11 boys) were light cigarette smokers. Thyroid abnormalities were identified by ultrasonography in 15 subjects (11 girls and 4 boys) who were excluded: goiter (n ϭ 4), nodule (n ϭ 8), and diffuse echostructure abnormality (n ϭ 3). Epidemiological results have been detailed elsewhere (11) . The clinical characteristics of the 259 adolescents (110 girls and 149 boys) finally included are shown in Table 1 . Menarche had occurred in 60 girls, of whom 54 had regular menstrual cycles.
adolescents, as well as their parents, had given written informed consent.
Anthropometric measurements
Adolescents were examined in light clothing without shoes by the same investigator. Body weight (wt), body height (ht), and cervical circumference at the level of the crico-thyroid ligament were measured. Body mass index (BMI) was defined as the weight (in kilograms) divided by the height (in meters) squared. BSA was estimated from the height (in centimeters) and the weight (in kilograms): BSA ϭ 0.007184 ϫ ht 0.725 ϫ wt 0.425 (12) .
Ultrasonography
The thyroid volume was determined by real-time ultrasonography in each adolescent lying supine with the neck hyperextended. Measurements were performed by the same experienced investigator (L.P.) using a Hitachi EUB-405 scanner with a 7.5-MHz, 6.25-cm linear transducer (Hitachi Medical Co., Tokyo, Japan). The length (l), width (w), and depth (d) of each thyroid lobe (in centimeters) were measured on transverse and longitudinal scans. The volume (vol) of each lobe (in milliliters) was estimated by the modified formula of the rotation ellipsoid (vol ϭ l ϫ w ϫ d ϫ 0.479), as described by Brunn et al. (13) . The thyroid volume was defined as the sum of the volumes of both lobes. The within-day mean coefficient of variation was 5.8%, and the between-day mean coefficient of variation was 5.9% for determinations performed in five male volunteers. Results were compared with the reference values recommended by the WHO and the International Council for Control of Iodine Deficiency Disorders (ICCIDD) (8) .
Urinary iodine
First-morning urine samples were stored at Ϫ20 C until assayed. The iodine concentration in urine was measured in duplicate by the same person (Y.F.) using a manual spectrophotometric method based on the Sandell-Kolthoff reaction, as described by Dunn et al. (14) . Slight modifications of analytical parameters (200-L urine samples, constant temperature of 24 C during catalysis) were made to improve the performance in the concentration range of 0.12-2.37 mol/L (conversion in conventional units: 1 mol/L ϭ 12.66 g/dL). At mean iodine concentrations of 0.31, 0.64, and 1.02 mol/L, the intra-assay coefficients of variation were 4.8%, 2.3%, and 1.9%, respectively, and the interassay coefficients of variation were 5.2%, 4.0%, 2.7%, respectively. Results were assessed according to WHO criteria (15) .
Statistical analysis
Data are presented as the mean Ϯ se, unless otherwise noted. Thyroid volume values were logarithmically transformed. The KolmogorovSmirnov test was used to ensure that variables did not significantly differ from a normal distribution. Correlation between thyroid volume and independent variables was assessed in simple and multiple linear regression analysis. Coefficients of determination (r 2 ) were adjusted for each group size. Percentiles of thyroid volume were determined in nonlinear regression analysis using a logistic model:
where y is the logarithm of thyroid volume, x is the independent variable, y 0 represents the thyroid volume at the onset of puberty, and x 0 corresponds to the x value at which 50% of the pubertal thyroid growth was completed. The slope of the function is an estimate of the thyroid growth rate. The regression represents a symmetric distribution with the mean corresponding to the 50th percentile (P 50 ). The prediction interval between the 5th and 95th percentiles (P 5 -P 95 ) is the mean Ϯ 1.645 se.
Regression analyses were performed with the SigmaPlot 5.0 program (SPSS, Inc., Chicago, IL). Differences between regression lines or curves were tested by ANOVA. Comparisons between groups were performed by the Mann-Whitney U test. The level of significance was set at 0.05.
Results
A significant difference in clinical characteristics between genders was found for body height, BMI, and cervical circumference, whereas chronological age, body weight, and BSA were similar (Table 1) . Morphological disparities mainly occurred during late puberty. The volume of the thyroid gland significantly increased with chronological age and with each anthropometric parameter in simple linear regression analysis (P Ͻ 0.0001). Coefficients of determination were higher in boys than in girls, but a significant sex difference was only found in the correlation with body height, cervical circumference, and BSA (Table 2) . In both genders, the thyroid volume was best related to BSA. The prediction of thyroid volume was slightly improved (P Ͻ 0.05) by additional consideration of chronological age in girls (r 2 ϭ 0.40) and cervical circumference in boys (r 2 ϭ 0.51). The analyses of thyroid growth data were focused on the relation to chronological age and BSA.
Thyroid growth and chronological age
The correlation between thyroid volume and chronological age was better in nonlinear (see Subjects and Methods) than in simple linear regression analysis (girls, P Ͻ 0.05; boys, P Ͻ 0.001). Percentiles derived from the nonlinear regression model were not significantly different between genders (Fig.  1) . The estimated thyroid size at the onset of puberty was 3.9 mL in girls and 3.5 mL in boys. Fifty percent of pubertal thyroid growth was completed at an estimated age of 12.6 Ϯ 0.6 yr and 12.5 Ϯ 0.3 yr, respectively, which corresponded to the maximum thyroid growth rate. This time point coincided with the age of menarche in girls (Fig. 1) . The corresponding thyroid volume was 5.4 mL in girls and 4.9 mL in boys. 
Thyroid growth and BSA
The BSA-related increase in thyroid size was similar in boys and in girls up to menarche, but significantly larger in girls after menarche (Table 2 ). In multiple linear regression analysis, a 14.5% (95% confidence interval, 5.5-24.1%) increase in thyroid volume was related to the onset of menstrual cycles, resulting in a thyroid growth spurt in girls. The difference in thyroid size between girls in follicular phase (mean Ϯ sd, 6.9 Ϯ 2.2 mL, n ϭ 28) vs. girls in luteal phase (mean Ϯ sd, 8.1 Ϯ 2.7 mL, n ϭ 26) was above the limit of significance (P ϭ 0.07). Percentiles of thyroid volume determined in nonlinear regression analysis showed that 50% of the thyroid growth spurt in girls was completed at 1.50 Ϯ 0.04 m 2 , whereas the thyroid growth in boys was almost constant throughout pubertal development (Fig. 2) . In both genders, percentiles were lower than WHO-ICCIDD reference values.
Urinary iodine excretion
Mean Ϯ sd iodine concentration in urine was 0.79 Ϯ 0.37 mol/L (median, 0.75) with no sex difference. Our findings were consistent with a low normal iodine intake according to WHO criteria. No correlation was found between thyroid volume and urinary iodine.
Discussion
The increase in thyroid volume during puberty is a normal adaptation that may coincide with the development of goiter in pathological conditions, particularly in girls (6 -8) . In the present cross-sectional study, the physiological characteristics of thyroid growth were assessed in healthy Swiss adolescents aged 11-17 yr. The age distribution was ranging from the onset to the late stages of puberty according to Swiss longitudinal pubertal studies (16, 17) . The investigation was designed to determine the gender-specific features likely to have a positive influence on the incidence of goiter during puberty.
In both genders, the thyroid volume was best related to BSA, as reported by other authors (7, 8) . The somewhat lower correlation between thyroid volume and chronological age may be ascribed to the individual variations commonly seen in the timing of pubertal development. The influence of somatic growth on thyroid size could be affected by changes in body composition as well. The latter is suggested by the fact that males with greater body weight gain have a larger thyroid gland than females in adulthood (18) , with lean body mass as a major determining factor (19) .
The relationship between pubertal development and the
Thyroid volume in relation to chronological age. The 5th, 50th, and 95th percentiles (P 5 , P 50 , and P 95 ) of thyroid volume were determined after logarithmic transformation of data in nonlinear regression analysis using a logistic model (girls, r 2 ϭ 0.30; boys, r 2 ϭ 0.38). F, Girls who had had their menarche. The age of menarche is expressed as the mean Ϯ SD. R 50 and R 97 labels denote the 50th and 97th percentiles of WHO-ICCIDD reference values, respectively (8).
FIG. 2.
Thyroid volume in relation to BSA. Percentiles (P 5 , P 50 , and P 95 ) derived from logarithmically transformed thyroid volume values were determined in nonlinear regression analysis using a logistic model (girls, r 2 ϭ 0.40; boys, r 2 ϭ 0.49). F, Girls who had had their menarche. R 50 and R 97 labels denote the 50th and 97th percentiles of WHO-ICCIDD reference values, respectively (8) .
increase in thyroid volume implies that a number of growth factors may have a positive modulation effect on the hypothalamo-pituitary-thyroid gland axis and, possibly, through TSH-independent pathways on the thyroid gland itself. Although decreasing or constant TSH levels in both genders have been reported by some authors (1, 2), these findings did not exclude changes in pulsatile and circadian TSH secretion (20, 21) . In addition, growth factors may induce alterations in TSH receptor sensitivity or in other thyroid endogenous pathways (22) . In healthy adolescents, the striking rise in GH and insulin-like growth factor I (IGF-I) may contribute to such a modulation. Previous studies have demonstrated that IGF-I potentiates the mitogenic action of TSH in rat (22) and human thyroid cells in culture (23) , but has little effect by itself. In vivo stimulation of thyroid growth by IGF-I is supported by the positive correlation between thyroid volume and plasmatic levels of GH/IGF-I in acromegalic patients (24) . Accordingly, the sex-dependent patterns of GH secretion (25) may affect the physiological increase in thyroid size during puberty.
The changes in thyroid volume mainly occurred between 11-15 yr, in agreement with previously published data (6, 7). The estimated maximum thyroid growth rate, however, was reached at a similar chronological age in both genders and was related to the age of menarche in girls. With reference to the pubertal stages reported in the Swiss longitudinal studies, this time point would coincide with early to mid-puberty in boys (16) and mid-to late puberty in girls (17) . In addition, a thyroid growth spurt was obvious in girls whereas such an alteration was not observed in boys when the thyroid volume was assessed in relation to BSA. These findings suggest that specific features other than somatic changes may contribute to the modulation of thyroid growth. Some investigators also have found that circulating thyroid hormones have a sexdependent profile during mid-to late puberty, with free T 3 levels decreasing in girls but remaining constant in boys, and decreasing total and free T 4 levels in both genders, with a slight delay in boys (2, 3) . These variations may lead to a distinct feedback regulation of TSH secretion, with differences in frequency and amplitude of pulses, which, in turn, may affect thyroid function.
On the other hand, the gender-specific thyroid growth patterns found in the present study may be related, to some extent, to the changes in sex steroid secretion profiles as suggested by the thyroid growth spurt coinciding with menarche in girls and by the ability of sex steroids to promote a modulation of the hypothalamo-pituitary-thyroid gland axis in experimental studies. A positive effect of estrogens on the adenohypophysis has been demonstrated in the adult rat, resulting in higher density of pituitary T 3 and TRH receptors and increased activity of type II 5Ј-deiodinase, whereas androgens only had a slight inhibitory effect on the latter (26) . In human adults, the enhanced TSH response to TRH after administration of estrogens may reflect similar changes in pituitary parameters, in addition to the rise in T 4 -binding globulin (27) . Furthermore, several authors have identified sex steroid receptors in normal and pathological human thyroid tissues and suggested that estrogens might have a positive influence and androgens a rather restraining influence on the thyroid gland itself (28 -30) . Taken together, such observations indicate that sex steroids might have a similar modulation effect during puberty in both genders, with potentially more variations in girls. The thyroid growth spurt observed in girls could not be limited to alterations of thyroid size during the follicular and luteal phases because the difference between these two subgroups was not significant. Evidence of menstrual cycle-related changes in thyroid volume has only been reported in adult women living in an area with mild iodine deficiency (31), but not in women with a sufficient iodine intake (32) .
In iodine deficiency, the reduced direct inhibitory effect of iodine may enhance the positive influence of factors involved in the physiological regulation of thyroid growth. Furthermore, the sensitivity to TSH is increased, so that normal TSH levels already have a goitrogenic effect (33) . The outcome of such a stimulation may be substantial in girls with mild iodine deficiency, leading to the development of goiter during mid-to late puberty. Despite a low normal urinary iodide concentration, such a stimulation was unlikely in the adolescents selected for the present study, because 1.4% of them only were diagnosed with a goiter and percentiles of thyroid volume were lower than WHO-ICCIDD reference values. In addition, previous studies have demonstrated that iodine supply through iodized salt prophylaxis has been sufficient since 1980 in several regions of Switzerland (9) . The low normal iodine intake observed in the present study may be attributed to seasonal variations in milk iodine content, which is 0.27-0.71 mol/kg lower in the summer than in the winter, as suggested by a median urinary iodide concentration of 1.19 mol/L found in winter 1997 in the same area (10) .
In conclusion, the thyroid growth in adolescents with a normal iodine supply is mainly related to changes in BSA in both genders and may result from interactions between the hypothalamo-pituitary-thyroid gland axis and growth factors. The increase in thyroid volume is similar in boys and girls up to the age of menarche, when girls have a distinct thyroid growth spurt, suggesting that female sex steroids might have an additional positive influence on thyroid function as well. As a result, girls might be more susceptible than boys to variations in thyroid volume during mid-to late puberty. These physiological changes may contribute to a higher incidence of goiter in girls with mild iodine deficiency.
